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Introduction
Accelerated test is an efficient method to collect information of products by measuring performance data directly over time from the test at high stress while the collected data are used to extrapolate the information through a physically reasonable statistical model to obtain the estimate of life or long-term performance at lower stress, normal use or storage condition [12] . The frequently used stresses include use rate, voltage, humidity, pressure, especially temperature [13, 16, 23] . Long-term reliability of gold (Au) and copper (Cu) ball bonds in fineline ball grid array package under storage condition 30°C was estimated by high temperature storage bake test at elevated temperatures of 150°C, 175°C and 200°C [8] . Wang predicted the storage life of aerospace electromagnetic relay under storage temperature 25°C -32°C based on auto-regressive and moving average model and wavelet transform model [21] . Anisotropic magnetoresistive read sensors were exposed to elevated temperatures to estimate end-of-life conditions under normal operating temperatures [5] . Huang predicted the life of tantalum capacitors under working temperature which was specified as 35°C [4] . Vakulov studied the properties changing in storage condition by accelerating ageing test on the example of rubbers К-14-1 and К-14-2 [18] .
From the examples above, a common phenomenon is observed that the temperature in storage condition or normal operating is often assumed as a constant temperature [7] (e.g. 25°C,30°C), or a temperature interval. However, the temperature in real storage or operating condition often varies with the season and region. For some long-life products, a minor temperature difference may lead to a major difference in the result of life assessment. As a result, it is important to consider the impact of the changing temperature appropriately. Particularly, it is of interest to wonder whether there is a temperature under which the life or performance of the product is equal to the life or performance at real storage or operating temperature. This issue consists of the primary goal of this paper, proposing an equivalent temperature model.
In literature, a substantial number of degradation models have been developed to model the accelerated degradation data [10] . In general, these existing models can be divided into linear and nonlinear sciENcE aNd tEchNology models. In these models, power law degradation path model can describe both linear degradation path and nonlinear degradation path by different powers, and several empirical studies show that the expected degradation at time t is often proportional to a power law [2, 17, 19] . Moreover, this kind of model is widely used in engineering fields like electrical connectors, rubber materials [9] , green laser diodes [11] and film resistances [1] . In addition, the power law degradation path has also been used to optimize the accelerated degradation experiment. These observations indicate the wide application of the power law model [24, 25] . Accordingly, the proposed equivalent temperature model is based on power law degradation path due to its flexibility and good performance.
In the inference process of the model, the conclusion is demonstrated to simplify the model that the increments of the degradation under the same magnitude, the same time and different orders of temperature stresses are same. Meanwhile, the influences to equivalent temperature of the two key parameters in the model, the time index α and accelerated parameter β, are analyzed by taking the first partial derivative of the equivalent temperature model. The result shows that equivalent temperature would decrease with the increasing of β and α. Besides, the model is compared with the average temperature model and the empirical equivalent temperature model which is a special case of the proposed model in the linear case while α=1. Thus the proposed model is also known as generalized equivalent temperature model. Moreover, the validity of the proposed model is proved by rubber O-rings data from the accelerated degradation test and the nature storage test. Finally, the fitness of three equivalent temperature models are compared by the criterion of mean squared error (MSE).
Compared with accelerated degradation test, degradation test under normal temperature could obtain more precise results but become increasingly difficult owing to the characteristics of long-period and high-cost which conflicts with the marketplace demands for decreasing development time. In this case, equivalent temperature model establishes an effective connection between accelerated degradation test and degradation test at normal temperature. In terms of actual usage, the equivalent temperature of nature storage test can be obtained by directly substituting the statistical data of temperatures in normal condition and the relevant parameters derived by accelerated degradation test into the model. By means of this model, the life or degradation performance information of the product under normal non-constant temperature can be predicted directly without the time-consuming and costly degradation test. The model can be applied to all of the products whose degradation follows the power law degradation path.
The remaining segments of this paper are organized as follows. Section 2 introduces the derivation of the empirical equivalent temperature model and the generalized equivalent temperature model. In Section 3, parameters in the model are estimated based on accelerated degradation data. Section 4 introduces the sensitivity analysis of parameters to equivalent temperature. A case study of rubber O-rings is presented to verify the high performance of generalized equivalent temperature model compared with other two equivalent temperature models in Section 5. Section 6 presents the conclusion of the paper and application of the model.
Equivalent temperature model

Empirical equivalent temperature model
The relationship between the degradation rate and temperature T could be descripted as Arrhenius function which is written as [14, 20] :
where y is the degradation, dy/dt is the degradation rate, A is the preexponential factor of the Arrhenius rate constant, E represents material apparent activation energy, R is the universal gas constant(8.3145 kJ kmol
) and T is the absolute temperature in Kelvin. Specify ω=lnA, β=-E/R to get the simple model of the function and it is obviously that β<0 from its physics meaning. Then the degradation can be derived as:
where y 0 is a constant.
Accelerated degradation test accelerates the degradation of products by means of increasing the temperature stress to obtain the degradation at accelerated temperature and the temperature stress is assumed constant during the test [3] . However, the temperature stress is often changing during nature storage test which is recognized that T=f (t). It is assumed that there is an equivalent temperature T 0 during which the degradation in a certain time ζ is equal to the degradation at a time-varying temperature T(t) in the same time. As such, the following equation must be satisfied:
For a giving T(t), the equivalent temperature T 0 can be simplified as:
However, in real environment, the equation of T 0 is difficult to have its analytical expression because T(t) is unavailable to model continuously. So the integral expression in denominator is discretized, then:
where t i (i=1,2,...,n) is the time at temperature T i and the total storage
Generalized equivalent temperature model
However, sometimes the degradation rate k is correlative with test time t, then Eq. (1) and Eq. (2) can be rewritten as: 
This form of degradation process is also called power law model where time index α is a constant related to the degradation mechanism with α>0. The degradation path is an up-convex curves while 0<α<1, and a straight line while α=1, and an up-concave curves while α>1.
It is also assumed that y 0 =0 without loss of generality by certain corresponding transformation.
Similarly, in time-varying environment, the equivalent temperature T 0 can be expressed as:
For equation (4) and (7), the expression of T 0 in equation (7) can be reduced to the equation (4) exactly while α=1. Undoubtedly, the analytical expression of T 0 in equation (7) is hard to handle even by discretizing. Based on the equal degradation measure principle, a generalized equivalent temperature model is derived.
For the requirement of derivation of the generalized equivalent temperature model, the following assumption is introduced.
The increments of the degradation under same magnitude, same time and different orders of temperature stresses are same in natural environment.
To illustrate the idea of the above assumption, Fig. 1 is given. As shown in Fig.1 , it is assumed that a product is aged at the temperature T 1 for time t 1 first and the increment of the degradation is y
11
. Then, the product is aged at temperature T 2 for time t 2 , and the increment of the degradation is y
12
. The degradation path is shown as the short dash line in Fig. 1 . In addition, the degradation rate is k 1 at the temperature T 1 , and k 2 at the temperature T 2 . In general, t 1 , t 2 , k 1 , k 2 are greater than 0.
From Eq. (6), we can get:
y kt
The degradation is continuous and only depends on the accumulated degradation and the current temperature stress. As a result, the degradation y 11 should be converted to the equivalent time τ 12 at temperature T 2 :
y k
Put
Through the derivation above, y 12 can be formulated as:
On the contrary, the product is aged at the temperature T 2 for time t 2 firstly and the increment of the degradation is y 21 . Then, the product is aged at the temperature T 1 for time t 1 , and the increment of the degradation is y
22
. The degradation path is shown as the heavy line in Fig. 1 . Similarly, we have:
It is proved that y 12 =y 22 and the proof is given as follows: 
where τ 1 ,τ 2 ,...,τ n are equivalent time, and
Fig. 1. The degradation path under different stress orders
sciENcE aNd tEchNology
Parameter estimation based on accelerated degradation data
In constant accelerated degradation test, there are N accelerated temperature stresses, and the number of the samples under each stress are n i . The degradation path is described by Eq (14) .
where y ijl (t l |T i ) is the measured degradation of the j th sample at time t l under temperature T i , y ij0 is the initial value of the degradation and it is assumed that y ij0 =0 without loss of generality, k ij is the degradation rate of the j th sample at temperature T i and k ij >0, L ij is the mumber of measurement time for each sample.
First, the value of α is calculated by a least square method which minimize the value of I and the expression of I is shown as the formula below 
Taking the logarithm of the left and right sides of the above formula, the parameter ω, β can be estimated by a least square method.
Sensitivity analysis of parameters
The equivalent temperature in M 0 is closely related to the parameters β and α. Next, we would discuss how equivalent temperature varies with them.
Sensitivity analysis of parameter β
Taking the first partial derivative of Eq. (13) with respect to β, the following equations can be given. 
It could be obtained that lim
Eq. (17) . Because of the complexity of ∂ ∂ T 0 β , it is achieved by numerical calculation rather than analytical approaches. Take a storehouse in Nanjing for example. Its daily average temperature in 2014 is shown as Fig.2 . The partial derivative of equivalent temperature to β is shown in Fig.3 in which the range of β is -10000~0 and the range of α is 0~5. The partial derivative of equivalent temperature to β is less than 0 in the numerical range of Fig.4 and it increases with the rise of α but decreases with the rise of β. Combined with the limit value, we can get the conclusion that equivalent temperature would decreases with the increase of β but its descent rate would gradually increase while the value of α is generally taken as a constant.
Sensitivity analysis of parameter α
Taking the first partial derivative of Eq. (13) with respect to α, it can be obtained 
Similarly, the partial derivative of equivalent temperature to α is shown in Fig.5 in which the range of β is -10000~0 and the range of α is 0~5. The partial derivative of equivalent temperature to α is less than 0 in the numerical range of Fig.4 and it increases with the rise of both α and β. So we can get the conclusion that equivalent temperature would decreases with the increase of α but its descent rate would gradually reduce while the value of β is generally taken as a constant.
Practical Calculation
Experiment
Accelerated degradation test
Accelerated degradation test of nitrile rubber O-rings was carried out at 50°C, 60°C, 70°C and 80°C, with 8 samples at each temperature [22] . In order to simulate the stress state of nitrile rubber O-rings in practical application environment, the sample was placed in a specially-made jig which was composed of two compression plates and a spacer ring to control the compression ratio, as shown in Fig. 5 . Tight the four bolts to compress the rubber O-rings to achieve the specified thickness while putting the rubber O-rings in the jigs.
When rubber O-rings are held under compression, physical or chemical changes could occur that prevent the rubber returning to its original dimensions after the release of the deforming force. The result is a compression set and the magnitude of which depends on the time and temperature of compression as well as on the time and temperature of recovery. At elevated temperature, chemical changes become increasing more important and lead to a permanent [6] . As such, the compression set ε was chosen as the performance parameter, which is formulated as:
where D 0 is the initial thickness of the test sample, D x is the height of the spacer ring, D t is the sickness after time t in the aging chamber which is measured by releasing the deforming force on the samples and allowing a 1 hour recovery period at 25°C. ε=31% is set as the failure threshold for rubber O-rings since the internal air tightness of the structure will be destroyed along with the reduction of safety and reliability while ε is greater than 31%.
Place the loaded rubber O-rings with jigs to aging chamber, after the required test duration, remove the compression assembly from the aging chamber, allow it to cool to a standard laboratory temperature 25°C for 1 h, then release the O-rings, and after a further 1 h at standard laboratory temperature, measure their thickness. Each O-ring was measured at four points around the circumference and the results were averaged. Put the measured thickness at each time point to Eq. (12) and get the compression set curve as shown in Fig. 6 . (18) sciENcE aNd tEchNology
Nature storage test
The nature storage test of 8 nitrile rubber O-rings was carried out at laboratory in June 2013. The rubber O-rings were preserved at room temperature and prevented from light, refrigerating equipment in summer and heating equipment in winter. The jigs, samples, installation method and measurement method were same with the accelerated degradation test. The daily average temperatures during the test are shown in Fig. 7 . By the end of the last measurement, the test was carried out for 856 days and there were 12 data were measured for each sample. Fig.8 shows the connection of compression set between adjacent measuring points. Non-monotonicity is observed from Fig. 8 compared with the data from accelerated degradation test.
Parameter estimation of accelerated degradation test
The degradation of nitrile rubber O-rings is a function of compression set which can be formulated as:
The data obtained from accelerated degradation test can be fitted by Eq. (14) . The estimate of the parameter α is 0.37 and the results of the parameter k ij are shown as Table 1 .
Then the value of ω and β are estimated by a least square method as Table 2 and the correlation coefficient r is greater than critical value at 1% level which validates the good fit to Arrhenius function. 
Model comparison
For comparative studies, we refer to the model M 1 for comparison which is expressed as Eq. (15) . In addition we choose the average temperature model as M 2 which is shown as Eq. (20) . And the proposed model is written as M 0 .
Based on M 0 , M 1 , M 2 , we respectively obtain the equivalent temperatures of these models as shown in Table 4 . The 2.36°C temperature difference between M 0 and M 1 and the 3.84°C temperature difference between M 0 and M 2 are observed from Table 3 . 
The effect of β on equivalent temperature for the three models
The effect of parameter β on equivalent temperature is shown in Fig.9 that the range of β is -100000~0. From Fig. 9 , we can see that both T 0 from M 0 and M 1 both increase with the decrease of β. At the same time, their increase rates decrease gradually which is consistent with our discussion in 4.1.
The effect of α to equivalent temperature for the three models
The effect of parameter α on equivalent temperature is shown in Fig.10 that the range of α is 0~10. From Fig. 10 , we can see that T 0 decreases with the increase of α in M 0 . At the same time, its decrease rate decrease gradually which is consistent with our discussion in 4.2. Moreover, the equivalent temperatures in M 0 and M 1 are equal while α=1 which indicates that the proposed model is more general and M 1 is a special case of the proposed model in the linear case.
Model verification
Substitute the daily average temperature in Fig. 8 to M 0 , M 1 and M 2 , respectively. The equivalent temperatures of these three models are shown in Fig.7 during the nature storage test. From Fig.7 , we can see that the change range of equivalent temperature along with the change of daily average temperature is relatively large in the first year of nature storage test. However, the equivalent temperature will not produce significant motion following daily average temperature during the second year of the test. Accordingly, there is a more slight fluctuation of equivalent temperature in the third year compared with the second year. And it would be predicted that equivalent temperature will eventually approach to a constant temperature while testing time is long enough.
Degradation rates during the nature storage test can be calculated by substituting equivalent temperature in Fig.7 to accelerated model shown as Eq. (6) . To quantitatively compare the above models, the MSE is used to assess the estimation accuracy of the model. Let Using the MSE, the smallest MSE value corresponds to the best estimation accuracy [15] , and thus it could serve as the criteria for model selection. For comparison, the MSEs under M 0 , M 1 and M 2 is listed in Table 4 . From Table 4 , it we can be observed that MSE of M 0 is the smallest and the result of M 0 has higher precision in estimating the degradation of rubber O-rings in nature storage condition. 
Conclusion
Motivated by the need of practical engineering, a generalized equivalent temperature model is proposed in this paper. Therefore, the degradation at normal temperature which is ever-changing rather than constant can be derived by accelerated degradation test. The degradation at changing temperature for quite a time is equal It is demonstrated that the empirical equivalent temperature model is a special case of the proposed model by numerical computation. Meanwhile, the excellent performance of the proposed model is verified by nitrile rubber O-rings nature storage test. The result shows that the proposed model has the minimum MSE compared with other two equivalent temperature models.
The proposed model can be widely used in other products whose degradation at time t is proportional to a power law degradation model. For the long-lifetime products, the parameter α and parameter β in the model can be calculated by accelerated temperature stress test firstly. Then extrapolate the information in accelerated condition to equivalent temperature condition to obtain the information of life or degradation parameters in nature storage condition or real-use condition directly. It is quite time-saving and could get results with good accuracy. 
